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ABSTRACT
S tu d ie s  o f  th e  e f f e c t  o f  p r e s s u r e  on th e  p h y s i c a l  
p r o p e r t i e s  o f  b u ty ra ld é h y d e  w ere made In  a  new ly  d e s ig n e d ,  
com pact, e a s y  to  o p e r a te  h ig h  p r e s s u r e  a p p a r a tu s .  The p r e s s u r e  
ra n g e  was from  0 to  4 0 ,0 0 0  p . s . l . g . ,  an d  te m p e ra tu re  ra n g e d  
from  30°  to  60°C . The p r o p e r t i e s  I n v e s t ig a t e d  w ere v i s c o s i t y  
an d  s p e c i f i c  volum e.
The p ro p o se d  e q u a t io n  o f  s t a t e  I s  ( 4  ) ,
P * r |B ( v ) ]  ^
w here B( v ) =  j l v q / v ) ^  -  (Vq/ v) ^
r  and  q a r e  e m p i r ic a l  c o n s ta n t s  and  v^ I s  volum e a t  a tm o s p h e r ic  
p r e s s u r e .
The v l s c o s l t y - p r e s s u r e  c o r r e l a t i o n  I s  
T\ * exp mp
w here m I s  a  c o n s ta n t  d e p e n d e n t on th e  n a tu r e  o f  th e  s u b s ta n c e  
and  th e  te m p e r a tu re .
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CHAPTER I  
INTRODUCTION
The e f f e c t  o f  te m p e ra tu re  and p r e s s u r e  on th e  v i s c o ­
s i t y  o f  l i q u i d s  h a s  been  s tu d ie d  I n t e n s iv e ly  f o r  many y e a r s  
b e ca u se  o f  th e  Im p o rta n ce  o f  th e  d a ta  b o th  t o  th e  e n g in e e r in g  
and  to  th e  fu n d a m e n ta l s tu d y  o f  th e  l i q u i d  s t a t e .
I t  was f e l t  t h a t  th e  deve lopm en t o f  an  equ ipm en t f o r  
s im u lta n e o u s  m easu rem en ts o f  s e v e r a l  p h y s ic a l  p r o p e r t i e s  w ith  
r e l a t i v e  e a s e  I s  n e e d e d . The o b j e c t i v e  o f  t h i s  p r o j e c t  was to  
d e s ig n  and  d e v e lo p  eq u ip m en t c a p a b le  o f  m e a su rin g  v i s c o s i t y  
and  d e n s i ty  a t  h ig h  p r e s s u r e s .
The p re v io u s  r e p o r t e d  work on a ld e h y d e s  was a t  p r e ­
s s u r e s  up  to  2 0 ,0 0 0  p . s . l . g . ,  and  a t  room te m p e r a tu r e .  The 
e f f e c t  o f  te m p e ra tu re  on th e  v i s c o s i t y  a t  h ig h e r  p r e s s u r e s  was 
n o t  I n v e s t ig a te d  In  th e  p re v io u s  I n v e s t i g a t i o n .
The equ ipm en t d e v e lo p e d  In  t h i s  s tu d y  I s  c a p a b le  o f  
o p e r a t io n  f o r  p r e s s u r e s  up t o  50 ,0 00  p . s . l . g , ,  and  f o r  tem p­
e r a t u r e s  from  30°  t o  80°C . The s u b s ta n c e s  t h a t  have been  t r i e d  
on th e  equ ipm en t In  th e  c o u rs e  o f  t h i s  s tu d y  In c lu d e  a c e to n e ,  
n -p e n ta n e  and  n - b u ty r a ld é h y d e . E x te n s iv e  d a ta  w ere o b ta in e d  
f o r  n - b u ty ra ld é h y d e  o n ly .  T h is  s u b s ta n c e  was s e l e c t e d  b e c a u se  
o f  I t s  r e l a t i v e l y  n o n - to x ic  n a tu r e  ( a s  opposed  t o  a c e ta ld e h y d e ) , 
and  b e c a u se  t h i s  I n v e s t i g a t i o n  r e p r e s e n t s  a  f u r t h e r  s t e p  In  th e  
c o n t in u in g  s tu d y  on h ig h  p r e s s u r e  b e h a v io r  o f  a ld e h y d e s .
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CHAPTER I I  
LITERATURE REVIEW
Among th e  t r a n s p o r t  p r o p e r t i e s  o f  a  l i q u i d ,  th e  
v i s c o s i t y  I s  one w hich  m ig h t be e x p e c te d  to  be o f  m ost s i g n i ­
f i c a n c e .  The e f f e c t  o f  te m p e ra tu re  and  p r e s s u r e  on th e  
v i s c o s i t y  o f  l i q u i d s  h a s  b een  s tu d i e d  I n t e n s i v e l y  f o r  many 
y e a r s .  B ridgm an ( 3 ) was th e  f i r s t  t o  d e v e lo p  a  f a l l i n g  
c y l i n d e r  v is c o m e te r  In  1931 . He u se d  a  s t e e l  tu b e  o f  a p p ro x i ­
m a te ly  6 m.m. I n t e r n a l  d ia m e te r ,  f i l l e d  I t  w i th  th e  sam ple  
l i q u i d ,  and  d ro p p ed  a  s t e e l  c y l i n d r i c a l  w e ig h t c o a x i a l l y  I n to  
th e  t u b e .  The tim e  o f  v e r t i c a l  f a l l  o f  th e  w e ig h t from  one 
end o f  th e  tu b e  to  th e  o t h e r  was d e te rm in e d  e l e c t r i c a l l y .
The f a l l  t im e  was a  m easu re  o f  th e  v i s c o s i t y .  B ridgm an fo u n d  
t h a t  v i s c o s i t y  I n c r e a s e s  r a p i d l y  w ith  I n c r e a s in g  p r e s s u r e .  At 
low  p r e s s u r e s  th e  r e l a t i o n  be tw een  v i s c o s i t y  an d  p r e s s u r e  I s  
a p p ro x im a te ly  l i n e a r ,  b u t  a t  h ig h e r  p r e s s u r e s  v i s c o s i t y  I n ­
c r e a s e s  much more r a p i d l y .
J o b l ln g  and  L aw rence ( 7 ) I n  1951 r e p o r t e d  m ea su re ­
m ents on c a rb o n  t e t r a c h l o r i d e  a t  3 1 ° , 6 l ° ,  and  90°C and  on 
benzene  a t  3 0 ° , 5 0 ° , 70° and  90°C , u s in g  th e  f a l l l n g - c y l l n d e r  
v is c o m e te r .  V i s c o s i t i e s  w ere  m easu red  a t  c o n s ta n t  volum e by 
I n c r e a s in g  th e  p r e s s u r e  a s  th e  te m p e ra tu re  was r a i s e d .  T h e ir
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p r e s s u r e  ra n g e  was 97 to  420 a tm o s p h e re s . T h e i r  d a ta  gave a  
s t r a i g h t  l i n e  f o r  I n  y\, p l o t t e d  a g a i n s t  1 /T  a t  c o n s ta n t  volum e.
H eIks and  O rban (6  ) I n  1956 r e p o r t e d  d a ta  on 
benzene  from  90° t o  2 8 8 °c , They fo u n d  t h a t  from  90° t o  a b o u t 
1 8 0 °C ., th e  v a r i a t i o n  o f  th e  lo g a r i th m  o f  v i s c o s i t y  w i th  th e  
r e c i p r o c a l  o f  te m p e ra tu re  I s  a  s t r a i g h t  l i n e ,  b u t above  t h i s  
te m p e ra tu re  th e  r a t e  o f  change I n c r e a s e s  w ith  I n c r e a s in g  tem p­
e r a t u r e .
B oelhouw er and  Toneman ( 1 ) ,  In  1957 i u s in g  th e  
f a l l i n g  w e ig h t m ethod , o b ta in e d  d a ta  on o r g a n ic  compounds f o r  
p r e s s u r e s  to  1400 b a r s .  They I n v e s t ig a t e d  n -h e x a d e c a n e ;  1 ,3»
5 , 7 - t e t r a p h e n y l - h e p ta n e  and  t h r e e  d lm e th y ls l lo x a n e  p o ly m e rs .
The te m p e r a tu re s  u se d  w ere 3 0 ° , 6 0 ° , 9 0 ° , 120° and  150°C .
K uss ( 8  ) I n  1958 u s e d  a  f a l l i n g  s p h e re  v is c o m e te r  
t o  o b ta in  d a ta  up  to  2000 a tm . f o r  te m p e ra tu re s  from  20°  to  
90°C . The s u b s ta n c e  u se d  w ere a lc o h o ls  d e r iv e d  from  p a r a f f i n s  
an d  c y c l o - p a r a f f l n s ,  t h e  c y c l o - p a r a f f l n s  th e m s e lv e s ,  d l e t h a n o l a -  
m ln e , t r l e th a n o la m ln e ,  and  p o ly m e r ic  m e th y ls l lo x a n e s .  K uss 
r e p o r t e d  t h a t  a n  e q u a t io n  o f  th e  f o r m n *  0 exp (E/RT) d e s c r ib e d  
h i s  d a t a ,  w here  c I s  p r e s s u r e  In d e p e n d e n t and  E I s  te m p e ra tu re  
In d e p e n d e n t.
G r l e s t  ( 5  ) I n  1958 r e p o r t e d  d a ta  on se v en  v e ry  p u re  
h y d ro c a rb o n s  h a v in g  25  o r  26 c a rb o n  a tom s and a l s o  on b in a ry  
m ix tu re s  o f  t h e s e  h y d ro c a rb o n s  f o r  p r e s s u r e s  up  to  3450 b a rs  
and  a t  te m p e ra tu re s  o f  1 0 0 ° , l 4 0 ° ,  210° and  2 7 5 °F . T hese  In ­
c lu d e d  I s o - p a r a f f l n l c , c y c l o - p a r a f f I n l c  and a ro m a tic  t y p e s .
T hese  d a ta  w ere  o b ta in e d  u s in g  a  r o l l l n g - b a l l  v i s c o m e te r .  G r l e s t  
found  th e  I n c r e a s e  In  v i s c o s i t y  w i th  p r e s s u r e  t o  be s t r o n g ly
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d e p e n d e n t on m o le c u la r  s t r u c t u r e .  He found  a n  a p p ro x im a te ly  
l i n e a r  r e l a t i o n  b e tw een  lo g  n  and  ( ( v/ vq) ^  -  ( v/ Vq) ^ )  f o r  th e  
s a t u r a t e d  compounds a t  c o n s ta n t  t e m p e r a tu re ,  w here  v I s  th e  
s p e c i f i c  volum e and  T i th e  a b s o lu te  v i s c o s i t y .
C haudhu rl (4 ) i n  196? r e p o r t e d  v i s c o s i t y  d a ta  on 
a l i p h a t i c  an d  a ro m a tic  a ld e h y d e s  a t  p r e s s u r e s  up  to  2 0 ,0 0 0  
p . s . l . g ,  and  a t  room te m p e r a tu r e .  He fo u n d  t h a t  th e  e q u a t io n  
= 'WoCxp (mp) d e s c r ib e d  h i s  d a ta .
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CHAPTER I I I  
THEORY
The m ain  o b j e c t i v e  o f  t h i s  p r o j e c t  was to  d e s ig n  
an d  d e v e lo p  a  s im p le  b u t a c c u r a t e  a p p a r a tu s  o f  th e  f a l l i n g  
w e lg h t - p l s to n  d is p la c e m e n t  ty p e  f o r  m easu rem en ts  up  to  a  
p r e s s u r e  o f  50*000 p . s . l .  The th e o r y  h as  p r e v io u s ly  been  
d e s c r ib e d  by C hau d h u rl ( 4 ) ,  P e r t i n e n t  f e a t u r e s  o f  t h e  th e o r y  
a r e  o u t l i n e d  b e low .
The v is c o m e te r  c o n s i s t s  e s s e n t i a l l y  o f  a  tu b e  w hich  
I s  c lo s e d  a t  I t s  ends and  w hich  h a s  a  d ia m e te r  s l i g h t l y  g r e a t e r  
th a n  t h a t  o f  a  plumm et c o n ta in e d  t h e l r l n .  As th e  plum m et f a l l s  
from  th e  to p  to  th e  bo tto m  o f  th e  tu b e  l i q u i d  moves by s tre a m ­
l i n e  f lo w  th ro u g h  th e  a n n u la r  s p a c e .  The r a t e  o f  f a l l  o f  th e  
plumm et can  be c o n t r o l l e d  by p ro p e r  s e l e c t i o n  o f  w e ig h t an d  d i a ­
m e te r  o f  th e  p lum m et. The tim e  o f  v e r t i c a l  f a l l  o f  th e  plumm et 
from  one end o f  th e  tu b e  to  th e  o t h e r  I s  m e a su re d . The f a l l  
t im e  I s  a  m easu re  o f  th e  v i s c o s i t y .
A c c o rd in g  t o  L aw aczeck (9  )* t h e r e  a r e  t h r e e  d i s t i n c t  
r e s i s t a n c e s  t o  th e  f a l l  o f  th e  plum m et th ro u g h  th e  l i q u i d :
( I )  The r e s i s t a n c e  w h ich  r e s u l t s  from  th e  l i q u i d  f lo w in g  
th ro u g h  th e  plum m et an d  th e  f a l l  tu b e .
( I I )  A v is c o u s  d ra g  r e s u l t i n g  from  r e l a t i v e  movement o f  th e  
two c y l i n d r i c a l  w a l l s .
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( I l l )  A h ead  r e s i s t a n c e  c a u se d  by th e  fo rm a t io n  o f  s tre a m  
l i n e s .
The e f f e c t  o f  h ead  r e s i s t a n c e  can  be lo w e re d  to  a  
n e g l i g i b l e  v a lu e  by u s in g  a  lo n g  plumm et and  a  v e ry  s m a ll  
c le a r a n c e  b e tw een  th e  plum m et and  th e  f a l l  t u b e .
The fo l lo w in g  e q u a t io n  was p ro p o se d  by Law aczeck 
f o r  c a l c u l a t i n g  a b s o lu te  v i s c o s i t y .
t  (6  ^—"f) 
=  •
3(d+2& )2 +
A f t e r  a  l i t t l e  s i m p l i f i c a t i o n  th e  above  e q u a t io n  
was u s e d  by J o b l ln g  ( ? ) f o r  a b s o lu te  v i s c o s i t y  m easu rem en t. 
The s i m p l i f i e d  form  I s  a s  f o l lo w s :
(6' - f )  ( a - b ) 3  g t  
irv =   ( I I I - 2 )
6 8 b
•n. = k ( ^ - f )  t  ( I I I - 3 )
Where k =
( a - b ) ^  g
6 s
= In s t r u m e n t  C o n s ta n t 
The above  e q u a t io n  assum es t h a t  t h e r e  I s  la m in a r  
f lo w  I n  th e  a n n u lu s  b e tw een  th e  f a l l i n g  c y l i n d e r  and  th e  
v is c o m e te r  t u b e .  The c o n s ta n t  k  can  be d e te rm in e d  by c a l l l b r a -  
t l o n  w i th  l i q u i d s  o f  known v i s c o s i t y  an d  d e n s i ty .
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CHAPTER IV 
EQUIPMENT AND PROCEDURE
The p r e s e n t  eq u ip m en t was d e s ig n e d  to  m easu re  v i s c o ­
s i t y  an d  s p e c i f i c  volum e o f  l i q u i d s  I n  th e  same a p p a r a tu s ,  a t  
p r e s s u r e s  from  0 t o  50 ,000  p . s . l . g , ,  and  from  room te m p e ra tu re  
t o  80°C . A d e t a i l e d  d e s c r i p t i o n  o f  th e  eq u ip m en t f o l lo w s .
(A) P r e s s u r e  G e n e ra tio n  and  M easurem ent
T h is  s e c t i o n  c o n s i s t s  o f  (1 ) H y d ra u lic  hand o p e ra te d  
pump (2 ) H igh  p r e s s u r e  I n t e n s i f i e r  (3 ) H e lse  B ourdon G auge.
1 . H y d ra u lic  Hand O p e ra te d  Pump
P r e s s u r e  was g e n e ra te d  by a  h y d r a u l ic  pump, m a n u a lly  
o p e r a te d .  The pump was o b ta in e d  from  B lack-H aw k I n d u s t r i a l  
P ro d u c ts  C o . , W is c o n s in . The r a t e d  p r e s s u r e  o f  th e  pump was 
4 0 ,0 0 0  p . s . l . ,  w i th  u s a b le  o i l  volum e o f  3 0 .7  c u . l n .
2 .  H igh  P r e s s u r e  I n t e n s i f i e r
The h ig h  p r e s s u r e  i n t e n s i f i e r  was o b ta in e d  from  
A m erican  In s t ru m e n t  Co . ,  S i l v e r  S p r in g s .  The I n t e n s i f i e r  I s  
a  d i f f e r e n t i a l  p i s t o n  d e v ic e  In  w hich  d i f f e r e n c e s  I n  th e  a r e a  
o f  two p i s t o n s  a r e  u se d  f o r  p r e s s u r e  m u l t i p l i c a t i o n .  The 
a r e a  r a t i o  u se d  a r e  1 0 :1 .  The I n t e n s i f i e r  c o n s i s t s  o f  a  
d o u b le  p l s t o n - c y l l n d e r  a r ra n g e m e n t. O i l  I s  pumped I n to  th e  
l a r g e  c y l i n d e r  by th e  hand  h y d r a u l i c  pump, and  I s  e x p e l le d  
from  th e  s m a ll  c y l i n d e r  a t  a  h ig h e r  p r e s s u r e .
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8W ith v a lv e s  C an d  D c lo s e d  and  v a lv e s  A and  B open  
(P ig  2 ) ,  o i l  was pumped from  th e  r e s e r v o i r  th ro u g h  v a lv e  A 
I n to  th e  low  p r e s s u r e  end o f  th e  I n t e n s i f i e r .  H ig h - p r e s s u r e  
o i l  from  th e  h ig h - p r e s s u r e  end o f  th e  I n t e n s i f i e r  p a s s e d  o u t 
th ro u g h  v a lv e  B t o  th e  p o in t  o f  u s e .  Pum ping was c o n tin u e d  
u n t i l  t h e  I n t e n s i f i e r  p i s t o n  re a c h e d  th e  to p  o f  I t s  s t r o k e  
a s  I n d i c a te d  by a  r a p i d  I n c r e a s e  In  p r e s s u r e  on th e  p r im a ry  
s id e  o f  I n t e n s i f i e r .  The p i s t o n  was th e n  r e tu r n e d  to  th e  
bo ttom  o f  I t s  s t r o k e .
3 . H e lse  B ourdon Gauge
The o i l  p r e s s u r e  was m easu red  by a  H e lse  B ourdon 
g au g e . The gauge c o u ld  r e a d  up  to  a  maximum p r e s s u r e  o f  
75*000 p . s . l . ,  an d  had  g r a d u a t io n s  o f  100 p . s . l .  The a c c u ra c y  
o f  th e  gauge was 1 I n  4 0 0 .
(B) The V isc o m e te r
The v is c o m e te r  c o n s i s t e d  o f  (1 ) P a l l  tu b e  (2 ) Plum m et 
and  (3 ) T im ing  d e v ic e .
1 . P a l l  Tube
The l e n g th  and  th e  I n t e r n a l  d ia m e te r  o f  th e  f a l l  
tu b e  was 5 7 .6 3  In c h e s  and  0 .1 8 7  In c h e s  r e s p e c t i v e l y .  The 
m a t e r i a l  o f  c o n s t r u c t io n  was s t a i n l e s s  s t e e l ,  ty p e  316 .
2 . Plummet
The plum m et made from  an  AIN ICO m ag n e t, had  a  u n i ­
form  o u t s i d e  d ia m e te r  o f  0 .1 7 2  I n c h e s ,  and  had  sm ooth  ro u n d ed  
e n d s . The l e n g th  o f  th e  plum m et was 1 .7 5 9  I n c h e s .  The body o f  
th e  plumm et was c a r e f u l l y  p o l i s h e d  by u s u a l  m ethods t o  g iv e  I t  
a  sm ooth f i n i s h .  The optimum c le a r a n c e  b e tw een  th e  plumm et









FIG.! DETAILS OF THE FALL TUBE
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C = COMPRESS I BI LI TY M E T E R  
G = HIGH P R E S S U R E  GAUGE 
I  = I N T E N S I F I E R
P = HIGH P R E S S U R E  PUMP 
T = T - J O I N T S
F I 6 . 2  HIGH P R E S S U R E  I N T E N S I F I E R
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A REED SWITCH 0  001 F CAPACITOR
B. 10 K RESISTOR 
0  E L E C T R O N I C  C O U N T E R
E. P OW E R  S U P P L Y
FIG. 5  E L E C T R I C A L  CIRCUIT
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an d  th e  f a l l  tu b e  was d e te rm in e d  by th e  ra n g e  o f  v i s c o s i t y  
s t u d i e d .
3 . T im ing D evice
The t im in g  d e v ic e  c o n s i s t e d  o f  two r e e d  s w i tc h e s ,  
a t t a c h e d  to  th e  to p  and  bo ttom  p a r t  o f  th e  f a l l  t u b e .  The 
r e e d  s w itc h e s  w ere o b ta in e d  from  W indso r. The r e e d
s w itc h  c o n s i s t e d  o f  two sm a ll  m e t a l l i c  w i r e s ,  one end o f  e ach  
w ere  e n c lo s e d  In  a  s m a ll  g l a s s  b u lb  and  w ere 1 m.m. s e p a r a te d  
from  e ach  o t h e r .  The o t h e r  en d s  o f  th e  w ir e s  w ere c o n n e c te d  
t o  th e  e l e c t r i c a l  c i r c u i t .  When th e  m a g n e tic  plum m et p a s s e d  
th e  r e e d  s w itc h ,  one w ire  became m a g n e tiz e d  and  a t t r a c t e d  th e  
o t h e r  w i r e .  Hence th e  e l e c t r i c a l  c i r c u i t  was c o m p le te . The 
to p  r e e d  s w itc h  gave a  s t a r t  s i g n a l  and  th e  bo ttom  r e e d  s w itc h  
gave a  s to p  s i g n a l  t o  th e  e l e c t r o n i c  c o u n te r .  The r e p r o d u c i ­
b i l i t y  o f  th e  t im in g  d e v ic e  was m ore th a n  99 %*
(C) C o m p r e s s ib i l i ty  M ete r
T h is  c o n s i s t e d  o f  a  6 1 .6 6  In c h e s  lo n g ,  i  In c h e s  O . D . , 
0 .0 8 3  In c h e s  I . D . , s t a i n l e s s  s t e e l  ( ty p e  316) tu b e  w ith  c a p -  
o o l l a r - g l a n d  a sse m b ly  a t  e ac h  e n d s . I n s id e  th e  tu b e  th e r e  
was a  ru b b e r  p i s t o n ,  w hich  p re v e n te d  m ix in g  o f  o i l  w i th  th e  
sam ple  l i q u i d .  An AliîICO m agnet w hich  was much s m a l le r  th a n  
th e  I .D .  o f  th e  tu b e  was p la c e d  on th e  ru b b e r  p i s t o n .  A f te r  
e v e ry  ru n  th e  ru b b e r  p i s t o n  had  to  be r e p la c e d  b e c a u se  o f  
e r o s io n .
O u ts id e  th e  c o m p r e s s ib i l i t y  m e te r  tu b e  t h e r e  was a  
m a g n e tic  com pass f i t t e d  In  a  r e c t a n g u l a r  p l e x i g l a s s  box w ith  
s l o t s  w hich  c o u ld  s l i d e  back  and  f o r t h  a lo n g  a  g ra d u a te d  s c a l e
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on th e  tu b e .  The com pass was a b le  to  I n d i c a te  th e  p o s i t i o n  
o f  th e  p i s t o n  to  1/100  t h  o f  an  In c h .
(D) C o n s ta n t T em p era tu re  W ater C i r c u l a t o r
L ab -L in e  S t a b l l  te m p e ra tu re  c i r c u l a t o r  was u se d  f o r  
c i r c u l a t i n g  w a te r  a t  u n ifo rm  c o n t r o l l e d  te m p e ra tu re s  I n  th e  
w a te r  b a th .  The c i r c u l a t o r  was o b ta in e d  from  L ab -L in e  I n s t r u ­
m e n ts , I n c . ,  I l l i n o i s ;  h a s  a  s e n s i t i v i t y  o f  t  0 .2 5 ° C . ,  an d  u s e s  
a  h y d r a u l ic  r e g u l a t o r  f o r  te m p e ra tu re  c o n t r o l .
The u n i t  was f i l l e d  w ith  w a te r  and  c o n n e c te d  t o  th e  
w a te r  b a th .  Pump m o to r s w itc h  was tu rn e d  o n . The th e r m o s ta t  
knob was tu r n e d  c lo c k w ise  so  t h a t  p i l o t  l i g h t  w ent o n . T h is  
I n d ic a te d  t h a t  h e a t in g  was t a k in g  p l a c e .  When l i g h t  s t a r t e d  
f l a s h i n g  **on" and  " o f f "  and  p ro p e r  te m p e ra tu re  had  n o t  been 
re a c h e d  a s  I n d i c a te d  on th e  th e rm o m e te r th e  knob was tu rn e d  
s l i g h t l y  and  c o n t in u o u s ly  u n t i l  th e  d e s i r e d  te m p e ra tu re  was 
r e a c h e d .
(E) W ater B a th
A 6 In c h e s  I . D . , 120 In c h e s  lo n g  g l a s s  p i p e l i n e  was 
u s e d  a s  w a te r  b a th .  The g l a s s  p i p e l i n e  was o b ta in e d  from  Q .V .F . 
G la ss  L im ite d ,  S c a rb o ro u g h , O n ta r io .
(P) H igh P r e s s u r e  F i t t i n g s
A l l  th e  f i t t i n g s  and tu b in g s  u se d  w ere s t a n d a r d ,  made 
o f  316 s t a i n l e s s  s t e e l  an d  s u p p l ie d  by A m erican  I n s t r u m e n t  Co . ,  
I n c ,  S i l v e r  S p r in g s ,  Wd. They w ere r a t e d  f o r  u s e  up  t o  a
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p r e s s u r e  o f  6 5 ,0 0 0  p . s . l .  H igh p r e s s u r e  tu b in g s  u s e d  f o r  
th e  c o m p r e s s ib i l i t y  m e te r ,  and  f o r  c o n n e c tin g  th e  c o m p re s s i­
b i l i t y  m e te r  w i th  th e  I n t e n s i f i e r  and  th e  pump had  a n  I .D ,  o f
0 .0 8 3  and  an  O.D. o f  0 . 2 5  I n c h e s .
(G) Dead W eight P r e s s u r e  T e s te r
The dead  w e ig h t p r e s s u r e  t e s t e r  was o b ta in e d  from  
B udenberg  Gauge Co. L td .  B ro a d h e a th , M a n c h e s te r , U.K. The 
t e s t e r  I s  s u i t a b l e  f o r  t e s t i n g  p r e s s u r e  g au g es up t o  a  m axi­
mum o f  50 ,000  p . s . l .  The a c c u ra c y  o f  th e  t e s t e r  I s  1 I n  2000 .
The h ig h  p r e s s u r e s  w ere a c h ie v e d  by u s in g  a  f r e e  
p i s t o n  I n t e n s i f i e r .  The h ig h  p r e s s u r e  s id e  o f  th e  I n t e n s i f i e r  
s u p p l ie d  o i l  s im u lta n e o u s ly  t o  th e  1 /200  In ch ^  p i s t o n  and  
c y l i n d e r  u n i t  and  to  th e  gauge c o n n e c t io n .  On th e  low  p r e s s u r e  
s i d e ,  th e  sc rew  p r e s s  a c te d  a s  a  p r im in g  pump and  gave I n i t i a l  
p r e s s u r e s  up  to  2000  p . s . l .
The w e ig h t colum n was r o t a t e d  by a  s m a ll  e l e c t r i c  
m o to r . The lo w e r  p r e s s u r e  o f  2000 p . s . l .  was o b ta in e d  w ith  
th e  w e ig h t c a r r i e r  and  m ak lng -up  w e ig h t .  The m ak lng -up  
w e ig h t was f i t t e d  w ith  a  r e d  band f o r  s i g h t i n g  p u rp o s e s .  The 
h e ig h t  o f  th e  w e ig h t c a r r i e r  was ju d g ed  by o b s e rv in g  th e  r e d  
band on th e  m ak lng -up  w e ig h t th ro u g h  a  p r ism  f i t t e d  a d ja c e n t  
t o  a  s i g h t i n g  p in .  When th e  band on th e  p in  and  th e  band on 
th e  m ak lng -up  w e ig h t l i n e d  u p , th e  p i s t o n  was f l o a t i n g  and 
th e  c o r r e c t  p r e s s u r e  had  been  a t t a i n e d .  The m ak ln g -u p  w e ig h t 
was a lw ay s  p u t  on th e  o v e rh a n g  f i r s t .  The s m a l l e s t  In c re m e n t
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t h a t  c o u ld  be m easu red  was 100 p . s . l .
P ro c e d u re  F o r  C a l i b r a t i n g  Gauge
The p ro c e d u re  c o n s i s t e d  o f  (1 ) F i l l i n g  (2 ) P r im in g  
th e  H .P . sy s tem  (3 ) R e f i l l i n g  th e  sc rew  p r e s s  (4 ) R a is in g  th e  
p r e s s u r e  (5 ) L ow ering  th e  p r e s s u r e .
1 . F i l l i n g
V alve  A was opened  and  th e  sc rew  p r e s s  was tu r n e d  
f u l l y  c lo c k w ise  (F ig  4 ) .  Then v a lv e s  B, C, and  D w ere c lo s e d  
and  th e  sc rew  p r e s s  was tu r n e d  f u l l y  a n t l - c l o c k w l s e .  T h is  
made s u re  t h a t  th e  sc rew  p r e s s  was f i l l e d  w ith  o i l  w ith o u t  
su c k in g  any  a i r  I n to  th e  sy s te m .
2 . P r im in g  th e  H .P . sy s tem
V alv es  A and  B w ere c lo s e d ,  and  v a lv e s  C and  D w ere 
o p en ed . The sc rew  p r e s s  was tu r n e d  c lo c k w ise  u n t i l  a b o u t 
2000 p . s . l .  was r e a c h e d .  T h is  c o u ld  be e i t h e r  I n d i c a te d  on 
th e  g a u g e , o r  c o u ld  be ju d g ed  from  th e  s t i f f n e s s  o f  th e  sc rew  
p r e s s .  T h is  o p e r a t io n  a l s o  pu sh ed  th e  f r e e  I n t e n s i f i e r  p i s t o n  
f u l l y  to w a rd s  th e  low  p r e s s u r e  en d .
3 . R e f i l l i n g  th e  Screw  P r e s s
V a lv es  B, C and  D w ere c lo s e d  and v a lv e  A was o p en ed . 
The sc rew  p r e s s  was tu r n e d  f u l l y  a n t l - c l o c k w l s e .  D u rin g  t h i s  
s t r o k e  th e  p r im in g  p r e s s u r e  was r e t a i n e d  In  th e  h ig h  p r e s s u r e  
sy s tem  by c lo s in g  v a lv e  0 .
4 .  R a is in g  th e  p r e s s u r e
V a lv es  A, C and  D w ere c lo s e d ,  and  v a lv e  B was opened . 
The w e ig h ts  r e q u i r e d  f o r  th e  f i r s t  p r e s s u r e  p o in t  w ere added
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t o  th e  w e ig h t co lum n. The sc rew  p r e s s  was tu r n e d  c lo c k w is e ,  
an d  when th e  w e ig h t colum n l i f t e d ,  th e  m o to r s w itc h  was tu r n e d  
on to  r o t a t e  th e  w e ig h ts .  The r e d  band on th e  m ak lng -up  w e ig h t 
was o b se rv e d  th ro u g h  th e  p r is m . The sc rew  p r e s s  was a d ju s te d  
u n t i l  t h i s  band l i n e d  up  w i th  th e  band on th e  s i g h t in g  p i n .
The c o r r e c t  p r e s s u r e  had  th e n  been  o b ta in e d .  The p r e s s u r e  c o u ld  
be r a i s e d  I n  In c re m e n ts  by r e p e a t i n g  t h i s  p ro c e d u re .
5* L ow ering  th e  P r e s s u r e
The w e ig h ts  w ere rem oved to  o b ta in  th e  lo w e r p r e s s u r e  
and  th e  sc rew  p r e s s  was tu r n e d  In  a n  a n t l - c lo c k w ls e  d i r e c t i o n  
u n t i l  t h e  w e ig h t colum n f e l l .  When th e  screw  p r e s s  had  been  
tu r n e d  f u l l y  a n t i c lo c k w is e ,  r e s i d u a l  p r e s s u r e  c o u ld  be r e l e a s e d .  
The p r e s s u r e  was r e l e a s e d  by o p e n in g  v a lv e s  A an d  C and  by 
c lo s in g  v a lv e s  B and  D.
(H) E l e c t r i c a l  C i r c u i t
The p u ls e  n e tw o rk  d e s ig n e d  f o r  o p e r a t in g  th e  c o u n te r  
d u r in g  th e  f l i g h t  o f  th e  plum m et c o n s i s t e d  o f  O.OOljJLP c a p a ­
c i t o r s  and  10 K ohm r e s i s t o r s .  The e l e c t r i c a l  c i r c u i t  I s  shown 
I n  F ig u r e  5* The e l e c t r o n i c  c o u n te r  t o  w hich  p u l s e s  w ere 
f e d  f o r  m easurem ent o f  tim e  I n t e r v a l  was from  H e w le t t-P a c k a rd  
Company.
( I )  L o ad in g  th e  E quipm ent
As th e  a ld e h y d e  v a p o u rs  a r e  v e ry  h a rm fu l t o  th e  r e s ­
p i r a t o r y  sy s te m , ex trem e  p r e c a u t io n s  w ere ta k e n  d u r in g  th e  
lo a d in g  o f  th e  e q u ip m e n t. The v is c o m e te r  and  th e  c o m p re s s i­
b i l i t y  m e te r  tu b e  was f i r s t  a sse m b le d  and c o n n e c te d  to  th e
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gauge and  th e  I n t e n s i f i e r  w i th o u t  th e  w a te r  b a th .  The p i s t o n  
o f  th e  c o m p r e s s i b i l i t y  m e te r  w hich  s e p a r a t e s  th e  h ig h  p r e s s u r e  
o i l  and  th e  o rg a n ic  l i q u i d s  was b ro u g h t to  th e  sam ple  end o f  
th e  c o m p r e s s i b i l i t y  m e te r .  The p lu g s  and p£ w ere o p en ed .
By a  s y r in g e ,  th e  sam ple  l i q u i d  was I n j e c te d  th ro u g h  a  s p a g h e t t i  
In  th e  v is c o m e te r  and  th e  c o m p r e s s ib i l i t y  m e te r  tu b e s .  The 
sam ple  l i q u i d  was a llo w e d  to  f lo w  o u t  th ro u g h  th e  p lu g s  P^ and 
Pg f o r  a b o u t one m in u te . The p lu g  P i  was c lo s e d ,  an d  a g a in  th e  
sam ple  l i q u i d  was a llo w e d  to  f lo w  o u t  th ro u g h  p lu g  P g . The 
p lu g  Pg was c lo s e d .  T h is  I n s u re d  t h a t  t h e r e  was no a i r  b u b b le  
I n  th e  v is c o m e te r  o r  I n  th e  c o m p r e s s ib i l i t y  m e te r  t u b e s .  A 
p r e s s u r e  o f  5*000 p . s . l .  was b u i l t  up In  th e  a p p a r a tu s .  When 
t h e r e  was no d e c r e a s e  I n  th e  p r e s s u r e .  I t  was assum ed t h a t  t h e r e  
was no le a k a g e  I n  th e  a p p a r a tu s .  The p r e s s u r e  was b ro u g h t back  
t o  a tm o sp h e re . The v is c o m e te r  and  th e  c o m p r e s s ib i l i t y  m e te r  
tu b e s  w ere now p la c e d  I n  th e  w a te r  b a th  and  a g a in  c o n n e c te d  to  
th e  gauge an d  th e  I n t e n s i f i e r .
A f a n  was u se d  to  e x h a u s t  th e  a ld e h y d e  v a p o rs  th ro u g h  
a  window. P o ly v in y l  d is p o s a b le  g lo v e s  and a  g a s  m ask w ere u se d  
when h a n d lin g  l i q u i d s .
( J )  T e s t  Runs
F o r  f i n d in g  th e  f r i c t i o n a l  e f f e c t  o f  th e  ru b b e r  p i s t o n  
In  th e  c o m p r e s s i b i l i t y  m e te r  tu b e ,  th e  c o m p r e s s i b i l i t y  m e te r  
r e a d in g s  a t  th e  I n c r e a s in g  and  a t  th e  d e c r e a s in g  p r e s s u r e s  w ere 
r e c o r d e d .  B e fo re  s t a r t i n g  th e  a c t u a l  e x p e r im e n t w ith  a ld e h y d e , 
s e v e r a l  t e s t  ru n s  w ere made w ith  v a r io u s  l i q u i d s  o f  known v l s c o -
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s l t y  t o  exam ine th e  a c c u ra c y  o f  th e  In s t r u m e n t .  Plum m ets o f  
d i f f e r e n t  d im e n s io n s  ( d ia m e te r s  r a n g in g  from  0 . l 4  In c h e s  to  
0 ,1 8  In c h e s  and  l e n g th s  r a n g in g  from  0 .5  In c h e s  t o  3 .0  I n c h e s ) ,  
w ere t r i e d  t o  f i n d  th e  optimum s i z e  f o r  th e  ra n g e  o f  v i s c o s i t y  
e x p e c te d . The v is c o m e te r  c o n s ta n t  k was found  to  be f a i r l y  
c o n s ta n t  f o r  a l l  th e  l i q u i d s .  V i s c o s i ty  d a ta  o f  n -p e n ta n e  
a g re e d  w ith  th e  d a ta  o f  W ilso n  and  B a rk e r  ( 1 1 ) .
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CHAPTER V 
RESULTS AND DISCUSSION
P r o c e s s in g  and  a n a l y s i s  o f  th e  d a ta  was c a r r i e d  o u t  
on an  IBM 1620 I I  c o m p u te r .
(A) T re a tm e n t o f  C om pression  D ata
1 . F r i c t i o n a l  E f f e c t  o f  R ubber P i s to n
C o m p r e s s ib i l i ty  m e te r  r e a d in g s  f o r  a c e to n e  w ere p l o t t e d  
a g a i n s t  p r e s s u r e  a t  I n c r e a s in g  and  a t  d e c r e a s in g  p r e s s u r e  (F ig  6 ) .  
The c u rv e  o f  d e c r e a s in g  p r e s s u r e  I s  a lm o s t to u c h in g  th e  c u rv e  
o f  I n c r e a s in g  p r e s s u r e .  Hence I t  was c o n c lu d e d  t h a t  th e  f r i c ­
t i o n a l  f o r c e  betw een  th e  ru b b e r  p i s t o n  and  th e  w a l l s  o f  th e  
c o m p r e s s i b i l i t y  m e te r  I s  n e g l i g i b l e .
2 . C o m p r e s s ib i l i ty  D ata
L in e a r  c o m p re ss io n  o b ta in e d  from  th e  c o m p r e s s i b i l i t y  
m e te r  was c o n v e r te d  I n to  volum e c o m p re ss io n  by m u l t ip ly in g  I t  
w i th  a  f a c t o r  o f  0 .0 0 5 4 9 2 . T h is  f i g u r e  c o r re s p o n d s  t o  th e  
volume o f  e ac h  In c h  d is p la c e m e n t  o f  th e  p i s t o n  I n  th e  com pre­
s s i b i l i t y  m e te r .  The c o m p r e s s i b i l i t y  d a ta  a r e  e s t im a te d  t o  be 
c o r r e c t  w i th in  t  0 .2  %,
(B) T re a tm e n t o f  V i s c o s i ty  D ata
1 . C a l i b r a t i o n  o f  th e  V isc o m e te r
The v is c o m e te r  c o n s ta n t  k was fo u n d  from  t e s t  ru n s
made w ith  v a r io u s  l i q u i d s  o f  known v i s c o s i t y  a t  a tm o s p h e r ic
21
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.






















0 5 10 15 20 25
P X I O  ^ (RS.I.G.)
F I G . 6 FR IC T IO N A L E F F E C T  OF RUBBER
PISTON
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23
p re s s m re , k i s  f a i r l y  c o n s ta n t  f o r  a l l  th e  l i q u i d s  (T a b le  1 ) ,  
2 ,  V i s c o s i ty  D ata
The tim e  i n t e r v a l  b e tw een  th e  s t a r t  and  th e  s to p  o f  
th e  plumm et was n o te d  by an  e l e c t r o n i c  c o u n te r .  F o r  e a c h  p r e ­
s s u r e  a t  l e a s t  5 f l i g h t  t im e s  w ere r e c o rd e d  an d  th e  a v e ra g e  
v a lu e  was u se d  f o r  c a l c u l a t i o n  o f  v i s c o s i t y .  The v i s c o s i t y  
d a ta  a r e  p r e s e n te d  in  F ig  9 t o  F ig  l 4 .  The v i s c o s i t y  d a ta  a r e  
e s t im a te d  t o  be c o r r e c t  w i th in  t. 1 %•
(C) P re ssu re -V o lu m e  C o r r e l a t i o n
An e q u a t io n  o f  s t a t e  was d e v e lo p e d  by C hau d h u ri (4 ) 
i n  h i s  w ork on a ld e h y d e s .  The e q u a t io n  I s  a s  f o l lo w s :
P = r |B ( v ) ] ^  (V -1)
I n  e q u a t io n  (V -1) r  and  q a r e  c o n s ta n t s  and  B (v) i s  a  volume 
f u n c t io n  g iv e n  by:
B (v) = [(vq/ v)^  -  (Vq/ v)^] (V -2)
The d a ta  o b ta in e d  in  t h i s  s tu d y  w ere f i t t e d  t o  th e  
l i n e a r i z e d  form  o f  th e  above  e q u a t io n .  The f i t  i s  e x tre m e ly  
good a s  i n d ic a t e d  by th e  c o e f f i c i e n t s  o f  c o r r e l a t i o n  l i s t e d  i n  
T a b le - 2 .
(D) V i s c o s i ty - P r e s s u r e  C o r r e l a t i o n
V is c o s i ty  i n c r e a s e s  w ith  p r e s s u r e  a t  c o n s ta n t  tem p­
erature. U n lik e  most other p h y s i c a l  p r o p e r t i e s  I t s  r a t e  o f  
change i n c r e a s e s  a s  th e  p r e s s u r e  i n c r e a s e s .
The c o r r e l a t i o n  i s :
I n  (’V\./w.<^  = mp
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o r  irv. = "VLoexp (mp) (V -3)
w here m I s  a  c o n s ta n t  d e p en d e n t on th e  n a tu r e  o f  th e  s u b s ta n c e  
and  th e  te m p e ra tu re  and P I s  g iv e n  In  p . s . l .  The v a lu e s  o f  
th e  c o n s ta n t s  and  th e  c o e f f i c i e n t s  o f  c o r r e l a t i o n  a r e  g iv e n  in
T a b le - 3»
Prom 3 ,0 0 0  p . s . i . g .  t o  4 0 ,0 0 0  p . s . i . g . , v i s c o s i t y  
i n c r e a s e s  e x p o n e n t ia l ly  w ith  p r e s s u r e ,  and  on s e m i- lo g  p a p e r  
t h e r e  i s  a  l i n e a r  r e l a t i o n  betw een  I n  tv, and P . H ow ever, i n i ­
t i a l l y  from  0 t o  5 ,000  p . s . i . g . ,  th e  v i s c o s i t y  do es n o t  i n ­
c r e a s e  e x p o n e n t ia l ly  w ith  p r e s s u r e .  A cco rd in g  to  R e id  and  
Sherwood ( 1 0 ) ,  i t  seem s more l o g i c a l  t h a t  v i s c o s i t y - p r e s s u r e  
p l o t  i s  l i n e a r  a t  lo w e r p r e s s u r e s .  C h au d h u ri* s  r e s u l t s  f o r  
b u ty ra ld é h y d e  a r e  p l o t t e d  f o r  co m p ariso n  i n  F ig  15» The p r e s e n t  
w ork i n d i c a t e s  c l e a r l y  th e  h ig h e r  v i s c o s i t y  r a t i o  a g a i n s t  p r e ­
s s u r e  th a n  C hau d h u ri o b ta in e d  in  h i s  work ( 4 ) .  I t  sh o u ld  be 
p o in te d  o u t t h a t  t h e r e  i s  some d i f f e r e n c e  i n  te m p e r a tu r e .  
M oreover C haudhuri was n o t  a b le  t o  c o n t r o l  t e m p e r a tu r e .  H is  
d a ta  a r e  a t  a m b ie n t te m p e ra tu re  w hich  can  f l u c t u a t e  v e ry  much.
I t  s h o u ld  be p o in te d  o u t t h a t  a l l  g ra p h s  p r e s e n te d  
i n  t h i s  c h a p te r  r e p r e s e n t  th e  a v e ra g e  o f  f i v e  o r  more r u n s .
The r e y n o ld s  num ber d u r in g  th e  e x p e rim e n t n e v e r  e x ceed ed  70 .
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TABLE I  





S u b s ta n c e
W ater
T o lu en e
B enzene
V isc o m e te r  C o n s ta n t 
k
0 .0026220
0 .0 0 2 6 3 7 3
0 .0 0 2 6 4 1 0
A verage  V alu e  o f  k  = 0 .0 0 2 6 3 3 4
2571.48
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TABLE I I I  
mxlO^
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26 .70 296
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E
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The v l s e o - c o m p r e s s i b l l l t y  m e te r  d e s ig n e d  an d  d ev e ­
lo p e d  i n  t h i s  p r o j e c t  may be fo u n d  u s e f u l  in  i n d u s t r y .  The 
m ain a d v a n ta g e  o f  t h i s  in s t r u m e n t  i s  t h a t  d e n s i ty  w hich  i s  
e s s e n t i a l  f o r  a b s o lu te  v i s c o s i t y  m easurem ent can  be r e a d i l y  
o b ta in e d  in  th e  same a p p a r a tu s .
I t  was found  t h a t  from  $ ,000  p . s . i . g . ,  t o  4 0 ,0 0 0  
p . s . i . g . ,  v i s c o s i t y  i n c r e a s e s  e x p o n e n t ia l ly  w ith  p r e s s u r e ,  
an d  on s e m i- lo g  p a p e r  t h e r e  i s  a  l i n e a r  r e l a t i o n  be tw een  
lo g  TV. an d  P . I n i t i a l l y  from  0 to  5 ,0 0 0  p . s . i . g . ,  t h e  v i s c o ­
s i t y  do es n o t  i n c r e a s e  e x p o n e n t ia l ly  w ith  p r e s s u r e .
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APPENDIX I
T h ere  a r e  s e v e r a l  u n i t s  o f  p r e s s u r e  c u r r e n t l y  i n  u s e ;  
th e  m ost im p o r ta n t  o f  t h e s e ,  a r e ;
b a r  (b a r )  = 10^ dynes p e r  s q u a re  c e n t im e te r
K i lo b a r  (Kb) = 1 ,0 0 0  b a r s
a tm o sp h e re  (atm )
K ilo a tm o sp h e re  (K at) = 1 ,0 0 0  atm
K ilo g ram s p e r  s q u a re  c e n t im e te r  (Kg/cm^)
Pounds p e r  s q u a re  in c h  ( p . s . i . )
T h e i r  i n t e r - r e l a t i o n s h i p s  a r e  g iv e n  by th e  fo l lo w in g  
t a b l e ,  e ac h  u n i t  o f  p r e s s u r e  i s  fo llo w e d  on th e  r i g h t  by i t s  
p h y s i c a l  e q u iv a le n t  i n  p r e s s u r e  e x p re s s e d  i n  th e  o t h e r  u n i t s ,
TABLE IV
b a r
1 b a r
1 atm 1 .013249
1 K g /o a f 0 .9 8 0 6 6 5
1 p . s . i . 0.0689474
atm
0 .9 8 6 9 2 4
1
0 .9 6 7 8 4 2






p . s . i .
14 .5038
14 .6960
1 4 .2 2 3 4
1
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APPENDIX I I  
CALIBRATION OF THE PRESSURE GAUGE
TABLE V
No Gauge P r e s s u r e  T e s t e r  P r e s s u r e
( p . s . i . g . )  ( p . s . i . g . )
1 5,000  5,000
2 10,000 9,975
3 15 ,0 00  15 ,000
4  2 0 ,0 0 0  20 ,0 0 0
5 2 5 ,0 0 0  2 5 ,0 5 0
6 30 ,0 00  2 9 ,9 7 5
7 35 ,0 0 0  34,975
8 4 0 ,0 0 0  39 ,950
39
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APPENDIX I I I  
EXPERIMENTAL DATA
The o r i g i n a l  e x p e r im e n ta l  d a ta  a r e  a v a i l a b l e  on 
co m p u ter c a rd s  from  th e  D epartm en t o f  C hem ical E n g in e e r in g ,  
U n iv e r s i ty  o f  W in d so r, W in d so r, O n ta r io ,
40
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NOMENCLATURE
B(v) ss Volume f u n c t io n
D s D ia m e te r , in c h e s
P P r e s s u r e ,  p . s . i . g .
T T e m p e ra tu re , °K
V = Volum e, c . c .
a , b C o n s ta n t  i n  e q u a t io n  ( I I I - 2 )
k =s V isc o m e te r  c o n s ta n t  i n  e q u a t io n  ( I I I - 3 )
m « C o n s ta n t  i n  e q u a t io n  (V -3)
q , r C o n s ta n t  i n  e q u a t io n  (V -1)
8 F l i g h t  d i s t a n c e  i n  e q u a t io n  ( I I I - l ) ,  in c h e s
t F a l l  t im e  i n  e q u a t io n  ( I I I - 3 ) ,  se co n d s
V S p e c i f i c  vo lum e, c .c . /g m
S u b s c r ip t s
o r= U nder a tm o s p h e r ic  c o n d i t io n
G reek l e t t e r s
s ss C le a ra n c e  be tw een  plum m et and  f a l l  t u b e ,  im
f D e n s i ty ,  g m s /c .c .
6 3S Sp. G r. o f  plummet
■n. s V i s c o s i t y ,  c . p .
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